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1.  INTRODUCTION 


D«tp  lmi  entm  im  to  present  in  ell  known  eenieondnotore. 
They  any  ooeax  when  an  impurity  ie  introduced  into  a  eryetel  or  through 
lattice  damage  inclsding  tkat  eanaed  by  various  doping  methods.  One  inch 
proeednre  is  ion  implantation,  where  residual  damage  stems  from  collisions 
between  tke  ions  and  tke  host  atoms,  leering  a  significant  nuaiber  of  dopant 
atoms  interstitially  located.  Subsequent  annealing  techniques  nay  be  applied 
to  reorder  iaqpurity  atoms  onto  active  sites. 

Deep  level  centers  can  be  important  even  in  snail  concentrations  due 
to  their  ability  to  significantly  limit  carrier  lifetime  as  defined  by 
Shoekley-Kead-Hall  statistics  (1,  2).  The  lifetime  of  excess  charge  carriers. 


t,  in  a  semiconductor  with  a  single  impurity  level  is  given  by 


cP(p0+pi)  *  S/Hq  +  V 

Cn  CoNTT(n0  +  P0) 


(1.1) 


where  c#  and  cp  are  the  average  values  of  the  capture  constants  of  electrons 
and  holes  over  the  states  in  the  bands,  Uq  and  p q  s re  the  free-carrier 
concentrations  in  thermal  equilibrium,  n^  and  pj  are  the  concentrations  of 
conduction  band  electrons  and  valence  band  holes  when  the  Fermi  level  (B^) 
falls  at  the  impurity  level  (E^,) ,  and  Njy  is  the  nusiber  of  deep  level  centers 
per  unit  volume.  This  equation  is  valid  as  long  as  N^,  <<  pQ  +  p1  and  Njj  << 

*0  +  al* 

Deep  impurity  and  defect  states  bring  about  undesirable  trapping 


effeots  which  may  change  switching  times  in  devices  or  non-radiative 


recombination  processes  which  limit  the  efficiency  of  light-emitting  diodes. 
Luminescence  (4)  has  played  a  major  role  in  the  study  of  impurity  and  defect 
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centers.  Although  i*  has  been  used  successfully  is  Iocs ting  radiative  trays, 
it  is  only  an  indirect  Mature  of  the  presence  of  non-radiative  statea.  To 
renedy  this,  capacitance  aeasureaents ,  a  veil  established  technique  aaong 
ezperinental  physicists  (5,  <)  for  studying  energy  levels  in  both  insulators 
and  seai-insulating  aaterials  can  be  applied  to  seaiconduotors  with  soae 
aodifications.  Due  to  their  relatively  high  conductivity,  seaiconductors  aust 
be  ezaained  by  using  p-n  junctions  or  Schottky  barriers  in  capacitive 
aeasureaents.  The  actual  probing  is  of  the  depletion  region  vhich  is 
essentially  devoid  of  nobile  carriers,  allowing  the  use  of  linear  rate 
equations  to  describe  the  capture  and  eaission  processes  (7).  Furthermore, 
though  traditional  capacitance  measureaents  are  carried  out  on  linear 
dielectrics  and  eaploy  sinusoidal  driving  fields,  when  large  forward  bias 
pulses  are  applied  to  the  depletion  region  of  these  non-linear  eleaents,  as 
occurs  during  trap  loading  procedures,  transient  methods  prove  aore 
advantageous  (8). 

In  1966.  S.  Villiaas  (9)  was  the  first  to  use  barrier  capacitance  to 
deteraine  the  occupation  of  deep  level  states  within  the  forbidden  gap.  By 
applying  a  reverse  bias  to  an  n-type  gallium  arsenide  (GaAs)  Schottky  barrier, 
centers  below  the  Feral  level  will  ionise  in  the  barrier  region  (or  depletion 
width  for  a  p-n  junction)  thereby  changing  the  total  concentration  of  charge. 
When  this  occurs,  the  saall  signal  ac  capacitance  increases  with  tine  until 
all  the  centers  are  ionised.  Froa  this  change  in  capacitance,  deep  center 
concentration  is  deterained.  Subsequent  capscitsnce  transient  techniques  have 
been  applied,  aost  notably  to  silicon  (Si)  by  Sah  (7)  as  well  as  to  galliun 
phosphide  (10),  sine  selenide  (11)  and  sine  tellur ide  (12).  Tet,  all  these 
aethods  have  lacked  either  sensitivity,  speed,  range  of  observable  trap  depths 


or  adequate  resolution.  Such  were  the  target  areas  when  D.  V.  Lang  introduced 
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tmiint  spectroscopy  (DLTS)  la  1974  (13*  14) . 

im nag  tk«  important  fntsrti  of  DLTS  is  a  fast  traasisat  ttsomjr 
tiae.  Siaos  changes  la  the  ekat|t  of  a  trap  aad  the  corresponding  change  la 
tka  jmaotioa  oapaoitaaea  is  of  iatarast*  fast  system  raspoasa  will  datsot 
traps  with,  slowar  aaissioa  ratas.  Thar of or a,  iataraadiata  as  wall  as  deep 
traps  eaa  ha  observed  with  DLTS.  This  technique  also  aehiawas  high  rasolatioa 
of  sigaals  from  diffaraat  traps,  thos  providing  a  practical  naans  of  doing 
spectroscopy  on  non-radiative  canters. 

Tha  versatility  of  DLTS,  however,  is  not  liaited  to  detecting 
radiative  aad  non-ratiative  canters  of  varying  depths;  it  also  distinguishes 
between  aajority  and  ainority  carrier  traps  and  includes  tha  effect  of  tha 
junction  electric  field  in  enhancing  theraal  emission  rates. 

The  importance  of  the  junction  electric  field  is  seen  in  heavily 
doped  seaiconductors  where  the  field  can  reach  105  -  10s  V/ca  and 
substantially  inorease  eaission  rates,  altering  both  trap  location  and  profile 
aeasureaents  (15). 

The  purpose  of  this  work  is  to  coapare  the  effectiveness  of  swept 
line  electron  beaa  (SLEB)  annealing  to  that  of  thermal  annealing  by  analysing 
deep  levels  with  DLTS.  Residual  daaage  will  be  investigated  in  both  Si  and 
GaAs  samples.  The  results  presented  in  this  paper  will  not  reflect  junction 
field  dependence. 
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2.  EXPERIMENTAL  PROCEDURES 


2.1.  Isa  Implantation 

Ioa  implantation  provides  doping  uniformity,  controllability  and 
reproducibility  in  the  doping  of  semiconductors  and  thus  is  a  viable 
alternative  to  thermal  diffusion.  A  typical  isqilanter,  shown  schematically  in 
Fig.  2.1,  includes  an  ion  source,  a  mass  separator  and  a  target  chamber. 

Basically,  implantation  consists  of  forming  a  plasms  containing  the 
desired  ions,  accelerating  the  ions  to  a  high  energy,  selecting  the  chosen 
ions  by  mass  separation  and  then  scanning  the  ion  beam  over  the  sample.  In  the 
target  chamber,  the  sample  holder  is  tilted  from  the  beam  norsial  by  an  angle 
of  7°  so  that  channeling  of  ions  along  specific  crystal  directions  is  avoided. 

The  implanted  atoms  form  a  distribution  in  the  substrate  which 
depends  on  the  acceleration  voltage,  the  impurity  and  the  host  atom.  As  the 
incident  ions  enter  the  crystal,  they  give  up  their  energy  through  nuclear  end 
core  electron  collisions.  These  prinry  collisions  displace  host  atoms,  which 
in  turn  are  stopped  by  cascade  collision  processes  at  some  average  penetration 
depth,  called  the  projected  range,  R^. 

The  distribution  of  the  impurity  stoms  is  approximated  by  the 
Lindhard-Sohoitt  (LSS)  theory  (16)  using  a  Gaussian  function 


N(x)  -  - — ;  exp 

AR  /2it 
P 


-(x  -  R 


(2.1) 


where  is  the  dose  (ions/cm  ),  Rp  is  the  projected  range  (cm)  and  AR^  is 
the  projected  standard  deviation  (cm). 

This  doping  method  produces  lattice  damage  which  results  from 
collisions  between  the  ions  and  the  lattice  atoms.  In  order  to  restore  lattice 
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order*  the  substrate  can  be  annealed  by  various  netbods. 

2.2.  Silicon  Nitride  Deposition 

In  annealing  GaAs,  it  is  necessary  to  encapsulate  tbe  sample  surface 
to  prevent  outdiffusion  of  tbe  host  atoms.  In  tbit  work*  an  rf-plasma  enhanced 
reaction  of  nitrogen  with  silane  is  used  to  deposit  a  Si^N^  film  on  tbe  sample 
prior  to  annealing  (17).  This  method  produces  nitrides  with  little  oxygen 
contamination,  thereby  restricting  gallium  outdiffusion  during  tbe  annealing 
of  GaAs  (18). 

The  reactor  is  shown  schematically  in  Fig.  2.2.  After  loading  the 
samples  onto  a  graphite  heater,  the  chamber  and  gas  lines  are  pumped  down  to 
2.7  x  10"4  Pa.  A  preliminary  nitrogen  discharge,  lasting  a  few  minutes,  is 
initiated  to  remove  remaining  oxygen  from  the  system  while  the  sample  is 
covered  by  a  shutter.  Nitrogen  and  silane  are  then  introduced,  the  shutter  is 
removed,  the  samples  are  heated  to  330°C  and  rf-plasma  deposition  is  begun. 
Typically,  10  to  12  minute  discharges  deposit  1000  X  Si^Nj  films. 

2.3.  Aaatiiiiu  lifitoiaati 

2.3.1.  Tlwrati  AantiHah 

Thermal  anneals  take  place  in  a  Trans  Temp  furnace  with  flowing 
forming  gas  (4.1%  in  Nj) .  The  sample  temperature  is  monitored  by  a 

chrome 1-alumel  thermocouple  and  a  Fluke  2163A  digital  thermometer.  Generally, 
anneals  are  800°  or  900°C  for  30  minutes,  sfter  which  the  samples  are  pulled 
slowly  from  the  furnace.  By  pulling  the  sample  tray  a  few  inches  every  30 
seconds  for  3  minutes,  the  sample  temperature  drops  from  900°C  to  400°C  before 
emerging  from  the  furnace.  This  procedure  restores  the  crystal  to  an 
equilibrium  state  while  avoiding  quenching. 

2.3.2.  Swent-Linc  Electron  Beam  Aanssllas 


Svept-line  electron  beta  annealing  (SLEB)  is  performed  in  a 

stsialsss  sttsl  vacuum  chamber  at  1.3  a  10’  Pa.  A  schematic  diagram  of  this 
system  is  shown  ia  Fig.  2.3.  Samples  are  moaated  oa  a  graphite-coated 
molybdeaam  plate  with  a  graphite  adhesive  saspeasioa.  This  ia  tara  is  moaated 
oa  a  9-kg  copper  heat  sink  which  sits  oa  a  motor-driven  x-y  traaslatioa  table. 

The  electroa  gun  (Geaeral  Vacuum  Model  EBG  -  101)  is  moaated 

vertically  ia  the  chamber  aad  prodaces  a  cyliadrically  symmetric  beam  with  an 
energy  range  of  0  to  30  keV.  The  beam  is  leagtheaed  when  magnetically  focused 
onto  a  slit.  By  properly  adjusting  the  slit  width,  slit  height  aad  the 
magnetic  lens  focusing  voltage,  a  reotaagalar  spot  is  produced.  To  prevent 
thermal  strains,  the  beam  is  made  sufficiently  long  to  cover  the  edges  of  the 
sample. 

The  variac  which  drives  the  translation  table  also  controls  the 
sweep  speed.  The  speed  is  determined  by  scanning  the  beam  over  two  adjacent 

Faraday  cups  with  the  output  registered  on  a  chart  recorder.  Generally,  apeeds 

of  0.3  to 0.6  cm/sec  are  employed. 

The  molybdeaam  plate  is  preheated  to  150  to  160°^ *  During  beam 
translation,  the  surface  of  the  sample  reaches  800  to  900°C  and  cools 

immediately  when  the  pass  is  completed.  Thus,  a  quenching  effect  is  inherent 

in  this  annealing  process. 

2.4.  C-CYisc  Etflspiaim 
2.4.1.  &Uifi£A 

In  this  study,  Schottky  barriers  are  fabricated  from  0.24  Q-cm 
Czochralski  grown  balk  silicon,  doped  with  4  x  10*^  cm~^  phosphorus.  To  begin 
the  experiment,  a  continuous  amorphous  layer  is  formed  by  four  cold  (£100®C) 
Si+  implants  of  energies  32,  91,  198  sad  255  keV.  These  energies  aad  the 


Electron  Gun 


LP-157* 


Fig.  2.3. 


Schematic  diagram  of  the  electron  beam  annealing  apparatus  [24] 
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corresponding  doses  produce  an  approximately  0.S  pa  deep,  fist  profile  of  1 
x  10*>  ca~^.  Froa  etching  experiments  (19),  sn  amorphous  depth  of 

4550  &  +  125  1  was  determined. 

The  samples  arc  divided  into  two  groups,  one  for  SLEB 
recrystallixation  and  one  for  thermal  annealing.  The  SLEB  samples  are  annealed 
at  20  keV  with  a  table  translation  speed  of  0.32  ca/sec.  The  second  set  are 
made  up  of  samples  that  have  been  thermally  annealed  at  either  <00,  700  or 
800°C  for  30  minutes  in  a  quartz-lined  furnace  tube  under  forming  gas  ambient. 

After  annealing,  the  surface  is  anodically  oxidized  to  remove  a  200 
X  layer  of  Si,  exposing  a  clean  surface.  Aluminum  is  then  evaporated  onto  thia 
surface  forming  a  Schottky  barrier  and  ohmic  contacts  are  evaporated  on  the 
back-side.  Both  evaporations  pass  through  shadow  masks  to  define  contacts 
which  are  sintered  at  350°C  for  15  seconds.  Two  devices  with  similar  C-V  and 
I-V  characteristics  are  mounted  on  a  single  TO-18  header,  followed  by 
thexmocompression  lead  bonding. 

2.4.2.  GglllM  Atidalflg. 

In  this  study,  samples  are  fabricated  from  n- type  gallium  arsenide 
(GaAs)  grown  from  a  atochiometric  melt  and  doped  with  Si  (8  x  1015  cm* )  (20). 
The  fabrication  of  p-n  junctions  is  shown  in  Fig.  2.4.  Initially,  a  1000  ft 
layer  of  Si^N^  i«  deposited  on  clean  samples,  and  the  area  to  be  implanted  is 
defined  by  10-mil  circular  openings  in  a  mask  made  of  a  4-pm  to  <-pm  layer  of 
AZ1350J  photoresist  (PS).  Plasma  etching  is  used  to  remove  the  Si^N^  from  the 
windows.  loom  temperature  beryllium  (Be*)  implants  are  now  performed  at  100 
keV  with  a  dose  of  1  xlO**  cm~^,  creating  a  junction  depth  of  approxisMtely 
0.73  pm.  The  samples  are  divided  into  two  groups,  those  to  be  SLEB  annealed 
and  those  to  be  thermally  annealed.  The  PS  is  then  removed  with  acetone  and 
another  1000  ft  layer  of  Si^N^  is  deposited  on  the  top  surface  of  the  SLEB 
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Fig.  2.4.  Schematic  cross  section  of  GaA*  planar  diodes  at  various  points  in 
the  fabrication  procedure. 


aaflM  ud  oa  tk«  back-side  u  v«ll  for  luplu  to  bo  thermally  amaoalod.  Tbo 
bock  snrfaoo  of  tko  SLEB  samples  mood  mot  bo  eootod  booouoo  of  tho  negligible 
araoaio  loss  from  this  faoo  duo  to  tko  limited  hoatimg  tiao  involved  ia  this 


oaaooliag  motkod.  Ia  this  oaso,  SijN^  oaeapsalatioa  prevents  As  evaporation 
dariag  oaaooliag*  siaoo  OoAs  toads  to  dissooiote  ot  kigk  tempo rotor os . 

Tko  SLEB  diodes  ore  oaaoolod  ot  boost  oaorgios  of  20  to  25  koV  oad 
boom  oorroats  betvooa  3  oad  i  mA  with  swoop  speeds  of  O.S  to  0.6  om/soo.  Tko 
soeoad  groap  of  diodes  ore  thermally  oaaoolod  for  30  aiaatos  at  800°C  or 
900°C. 

After  oaaooliag*  tko  aitride  layer  is  removed  from  the  book-side 


r. 


using  a  buffered  etch  containing  one  port  HF  and  five  ports  40%  NH^F  solution. 
Ohmic  contacts  are  then  formed  on  this  n-region  by  evaporating  88%  Au  -12%  Oe 
alloy  and  sintering  at  450°C  for  S  seconds  in  flowing  H^. 

Using  the  same  photolithographic  technique  os  before*  5-mil  circular 
windows  ore  opened  over  the  Be-implonted  regions  and  96%  Au  -  4%  Mn  alloy 
contacts  ore  formed  by  evaporation..  The  contoots  ore  sintered  at  330°C  for  5 
seconds  in  flowing  H^.  Two  diodes*  one  of  each  type*  are  cut  and  mounted  on  a 
single  TO- 18  header  for  DLTS  measurements  and  gold-tantalum  wires  are  used  to 
connect  the  diodes  to  the  header  posts. 


2.5.  Peso-Level  Transient  Spectroscopy  (DLTS) 

DLTS  (13*  14)  is  a  capacitance  transient  method  for  studying  deep 
level  impurity  and  defect  centers  in  semiconductors.  This  is  achieved  by 
monitoring  the  effect  of  deep  traps  on  the  oopture  and  emission  of  electrons 
and  holes  in  the  depletion  region  of  a  p-n  junction  or  Schottky  barrier,  where 
the  rote  equations  con  be  linearised. 

Since  DLTS  is  basically  a  pulsed  juaotion  capacitance  traasieat 
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technique.  snob  transients  will  first  be  described*  assoaing  only  s  single 
trap  level.  These  are  three  aajor  processes  bp  which  transitions  oeenr  at 
deep  centers  i.e.*  therasl,  optical  and  Anger  (7).  For  simplicity,  only  the 
the ran 1  process  will  be  discussed  here  to  illustrate  the  rate  equation. 

When  transitions  take  place*  trap  concentrations  increase  with 
electron  captures  or  hole  emissions  and  decrease  with  electron  emissions  and 
hole  captures: 

dn^ 

IT  *  cnn(NTT-nT)  +  •pO'tT-V  '  "CppnT  (2‘2) 


where  Njj  *  ng  +  pji  n,  p  represent  electron  concentration  in  the  conduction 

band  and  hole  concentration  in  the  valence  band,  respectively;  Uj,  pj  are  the 

occupied  and  empty  deep  level  concentrations,  respectively;  c  .  c  are 

a  p 

electron  and  hole  capture  coefficients;  and  e  «  are  electron  and  hole 

n  p 

emission  rates.  In  the  depletion  region  where  n  «  p  ~  0 


do* 

dt 


‘<en+ep)nT  +  *pNTT 


and  the  solution  is 


”T(°  •  “it  *  "tT  T-fr  +.„)t)  (2.3) 

p  n  p  n 

where  1^(0)  -  Njj. 

At  thermal  equilibrium*  the  rate  at  which  electrons  are  emitted  to 
the  conduction  band,  e#,  cam  be  related  to  the  electron  capture  coefficient, 
oa,  and  the  capture  cross  section,  «a*  by 


e»  ■  <2'4) 

Similarly,  the  rate  at  which  holes  are  emitted  to  the  valence  bsnd*  e  ,  can  be 

P 

related  to  the  hole  capture  coefficient,  o^,  and  the  capture  cross  section. 
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V 


by 


ep  -  cpNvgp  .xpf-CEj-E^/kjT]  -  <rp  <vp>  Ny  gp  exp  [-(Ej  -  E^/l^T]  (2.5) 

where  N  N  in  the  effective  densities  of  states  in  tie  conduction  and 

C  T 

valence  bands;  f&  and  gp  are  the  degeneracy  factors  of  tbe  deep  level;  <vB>» 
<vp>  are  the  root-moan-square  (ms)  themal  velocities  of  free  electrons  and 
holes;  and  kg  is  the  Boltzaann  constant.  It  is  apparent  from  these  equations 
that  emission  rates  can  be  used  to  obtain  both  capture  cross  sections  and  trap 
energy  levels. 

The  electron  trsps  in  Fig.  2.5  are  oajority  carrier  traps. 
Initially,  there  is  a  quiescent  depletion  width,  created  by  a  reverse  bias 
across  the  junction.  The  depletion  region  capacitance  of  this  abrupt  p+-n 
junction  on  an  n-type  semiconductor  is 


C 


CA 

W 


l 


eqNr 


2<W 


(2.6) 


where  Vbi  is  the  built-in  voltage  of  the  junction;  Vg  is  the  reverse  bias;  s 
is  the  semiconductor  permittivity;  q  is  the  elemental  charge;  Ng+  is  the 
density  of  fixed  charge  on  the  n-side  (assumed  constant  in  the  depletion 
region);  A  is  the  area  of  the  junction;  and  W  is  the  depletion  width.  When  a 
forward  bias  is  applied,  this  region  collapses  and  the  electron  traps  are 
filled. 

Immediately  after  the  trap-filling  pulse,  carriers  in  the  shallow 
donor  states  are  thermally  excited  into  the  conduction  band  and  are  swept  away 
by  the  junction  electric  field.  The  capacitance  then  decreases  to  the  value 
contributed  by  the  net  ionized  donors  and  the  electrons  in  the  trspping 
centers.  Ihemsl  emission  of  the  trapped  electrons  is  a  slow  process,  and  the 
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t<0 


121 1 

K 

1 

i 

itW 

Maj 

ority  Carrier  Pulse 
t  =  0 
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§1 

Beginning  of  Transient 
t  =  0+ 
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(3) 


Decay  of  Transient 
Due  to  Thermal  Emission 
t>0 


141) 


Fig.  2.5.  Capacitance  transient  due  to  a  majority  carrier  trap  in  a  p+-n 
diode.  The  insets  labeled  1  through  4  schematically  show  the 
charge  state  of  the  defect  level  and  width  of  the  space  charge 
region  (unshaded  portion)  at  various  tines  before  and  during  the 
transient  [14] . 
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tia«  eoutut  (■  1/*B)  depends  mainly  on  tlu  ratio  of  tit  aotivation 

ta»|7  to  tit  diviet  temperature.  Therefore*  »  slow  capacitance  transient  can 
be  observed  in  a  suitable  temperature  range  and  used  to  determine  various 
parameters  characterizing  this  deep  level.  If  trapping  centers  are  assumed  to 
be  neutral  when  filled  with  electrons,  then  after  the  pulse*  the  total  charged 
centers  are 

N+'  -  Nd+  +  (1  -  e“t/Tn)  (2.7) 

The  capacitance  transient  can  be  obtained  mathematically  from 


C(t) 


AC  - 


4 


£q[ND+  +  Ntt(1  -  e‘t/Tn) 


C(»)  -  C(0) 


(2.8) 


(2.9) 


1£  <Ntt/nd+)  <  0.1. 

A  /  £<1  Nn+  N  _ 

c(t>  '  4V^vtr(1'^' 


t/x 


n) 


AC(t) 


C(»)  -  C(t)  -  C(«)  \  ~  e~t/Tn 

ND 


(2.10) 


AC  -  AC(0) 


C(«) 


NTT  2AC 


(2.11) 


Thus*  exact  trap  concentration  in  the  depletion  region  can  be  obtained  fr'.a 
AC  if  the  density  of  fired  charge,  N^*,  is  known . 

While  the  preceding  discussion  is  concerned  with  s  single  level. 
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OLTS  is  able  to  separate  several  daap  centers  and  diaplay  tbaaa  lmla  aa  a 
function  of  device  teaperature.  Thia  ia  doaa  by  paaaiag  tbo  traaaioat  tb rough 
an  olaetroaioally  preset  rate  window  which  pexnita  only  the  trap  with  aa 
eaiaaioa  rate  within  the  window  to  be  observed  by  the  ays tea.  The  jaaetioa  ia 
theraa lly  acanaed  ao  that  the  tenperatnre  correspoadiag  to  each  windowed 
eaiaaioa  rate  and  ita  reapeetiwe  trap  oan  be  deteraiaed. 

The  rate  window  ean  be  aet  by  a  dual -channel  boxear  averager  (aee 
Fig.  2.6)  or  a  look-in  aaplifier  (21-23).  The  boxoar  averager  aeaaurea  the 
differeaoe  of  the  capacitance  at  two  eaapling  instants  t^  and  t2>  The  boxear 
output  is  thus  given  by 


S(x)  -  C(tx)  -  C(t2)  -  LC(e~tl/x  -  e_t2/T) 


(2.12) 


the  signal  S(x)  will  reach  a  aixiaoa  at  the  teaperature  where  the  theraal 
eaiaaion  ia  obtained  froa 


(dS(x)/dx)/ 


x  “  0  °*  ''■ax  "  tt2“ti)/ln(t2/t1) 


A  single  theraal  scan  will  display  one  peak  for  each  deep  level  in  the 
aaterial. 

The  devices  in  this  study  are  scanned  froa  -150°C  to  +150°C.  Then 
profiling  and  frequency  analysis  is  perforaed  on  each  peak  to  deteraine  the 
concentration,  energy  level  and  capture  cross  section  of  each  trap. 

2.5.1.  Majority  mA  Minority  Cmlax  Tim 

The  capacitance  transients  and  the  DLTS  peaks  of  najority  carrier 
and  ainority  carrier  traps  have  opposite  polarities.  Therefore,  a  DLTS 
speetrua  clearly  indicates  the  type  of  trapping  centers. 

2.5.2.  XUA  Concentration 

The  DLTS  peak  is  proportional  to  AC.  which  is  related  to  trap 


Illustration  of  bow  a  dual-channel  boxcar  averager  is  used  to 
define  the  rate  window.  The  left  hand  side  shows  capacitance 
transients  at  varions  temperatures,  while  the  right-hand  side 
shows  the  corresponding  DLTS  signal  resulting  from  using  the 
boxcar  averager  to  display  the  difference  between  the  capacitances 
•t  tines  t-  ud  t5  as  a  function  of  temperature  [14] . 


Capacitance  Transient  at  Various  Temperatures 
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soMMttition  by  Eq.  (2.7).  Initially*  a  scan  from  123  K  to  432  K  ia  performed 
vitb  aaoh  pea k  represe nting  a  trap.  Fig.  2.7  displays  a  typical  aeaa.  Vbaa  a 
peak  ia  identified,  a  coaveraion  faetor  (V/pF)  ia  determined  by  taking  a 
voltage  reading  before  and  after  one  picofarad  (1  pF)  ia  added  to  tke  high 
sensitivity  capacitance  bridge  need  for  detecting  tke  capacitance  tranaient. 
By  adding  a  known  capacitance  to  tke  bridge  and  obeerviag  its  reaponae.  an 
unaabiguona  calibration  ia  nade  of  tke  aysten.  AC  in  pF  can  now  be 
calculated  naing  tke  following  equation: 


AC  - 


Hx  s  x  0.5  x  0.565 


C2.13! 


wkere  H  ia  tke  peak  keigkt  in  cm;  S  ia  tke  sensitivity  aetting  for  eack  peak 
in  volte:  0.3  ia  tke  ckart  vertical  aenaitivity:  0.S6S  ia  a  conatant  resulting 
froai  tke  lock-in  aaiplifier  signal  processing:  and  F  is  tke  conversion  factor. 
This  process  is  perforated  for  eack  peak,  first  witk  only  tke  quiescent  reverse 
bias  applied  across  tke  junction  and  tken  an  additional  reducing  bias  is 
applied  in  1/2  or  IV  increments  until  tke  depletion  region  as  completely 
collapsed.  For  example,  if  tke  quiescent  bias  is  -10  V  and  measurements  are 
taken  in  1/2  V  increments,  tken  AC's  are  determined  for  forward  bias' 
ranging  from  0  to  +10  V.  Fixed  capacitance  measurements  corresponding  to  each 
effective  voltage  (quiescent  bias  plus  reducing  bias)  are  tken  taken  using  a 
Boonton  72B  capacitance  meter. 

The  trap  concentration  profile  is  given  by: 


N^Cx) 


5(£)  .+ 


v<*> 


(2.14: 


where  T  is  tke  depletion  width  as  a  function  of  tke  effective  bias:  Nn+(W_)  is 
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the  fixed  charge  concentration  at  the  edge  of  the  depletioa  regioa  oa  the  n- 
aide  whea  the  effective  voltage  equals  the  quiescent  reverse  bias;  C  i«  the 

q 

capacitaaoe  eorrespoadiag  to  the  quiesceat  bias;  V  is  givea  bp  Eq.  (2.S);  aad 
+  C3 

N  (x)  -  - ^ -  (2.15) 

eq  (dC/dV) 

The  trap  profile  is  a  function  of  the  space  charge  region  penetration  into  the 
n  material. 

Once  AC/C^  i*  determined.  6(AC/C^)/SV  is  computed  by 
averaging  the  difference  between  the  preceding  and  the  following  values  of 
AC/C^  from  the  point  in  question.  5V  is  the  voltage  increments  used  (in 
this  study,  either  0.5  or  1  V) .  The  value  of  dC/dV  in  Eq.  (2.13)  is  determined 
by  a  similar  averaging  technique. 

2.5.3.  Tran  F-n«ir«v  Level 

Multiphonon  emission  is  a  commonly  occuring  non-radiative  mechanism 
in  both  GaAs  and  GaP  (25).  At  sufficiently  high  temperatures,  multiphonon 
emission  causes  the  capture  cross  section  to  increase  exponentially  with 
temperature.  From  this  feature.  Lang  gj..  (25.  26)  arrived  at  the  following 
relationship: 

T2xn  »  expfAE/l^T]  (2.16) 

Thus,  from  the  preset  emission  rate  windows  and  the  corresponding  temperatures 
of  each  DLTS  peak,  an  Arrhenius  plot  of  T2tji  v$  1000/T  can  be  obtained.  The 
energy  depth.  AE.  is  determined  from  the  slope  of  this  plot.  With  this 
information,  capture  cross  section  can  be  determined  from  Eq.  (2.3). 

In  this  study,  a  lock-in  amplifier  is  used  to  set  the  rate  windows 
at  10.  20,  50,  100,  200  and  500  Hz.  The  frequency  analysis  is  performed  with 
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tkt  applied  quiescent  bias  and  a  reducing  bias  of  equal  magnitude.  At  each 
setting,  a  eoaputar  records  tbs  height  aad  resistaaoe  as  a  siagle  peak  is 
scanned.  Calibration  data  for  platinum  resistaaoe  thermometers  are  supplied  by 
Rosemont  Inc .  to  determine  the  temperature  oorrespoudiug  to  each  DLTS  peak. 
Fig.  2.S  displays  a  typical  scan.  The  increase  in  peak  height  with  increasing 
emission  rate  window  is  due  in  part  to  field  effects  (27)  or  as  suggested  by 
Rockett  sad  Peaker  (28),  to  a  natural  consequence  of  the  change  in  shape  of 
the  Debye  tail  with  temperature. 


350  400 

Temperature  (K) 


450 

LS-2133 


DLTS  frequency  analysis  illustrating  teaperature  dependence  of  the 
peak  height. 
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3.  RESULTS  AND  DISCUSSION 


3 .1 .  Silicon 

DLTS  spectra  for  30  minute  furnace  anneals,  600,  700  and  800°C  are 
shown  in  Fig.  3.1.  Two  distinct  defect  signals  are  obaerved.  The  lower 
temperature  signal  hawing  an  activation  energy  AE  *  0.22  eV  below  the 
conduction  band  edge  appears  in  all  three  cases  and  becomes  dominant  as  the 
annealing  temperature  is  increased.  The  second  peak  changes  from  AE  ■  0.5  eV 
to  0.35  eV  to  0.42  eV  with  increasing  temperature.  Defects  with  activation 
energies  with  +  0.02  eV  of  these  four  traps  have  been  observed  in  implanted 
(29),  irradiated  (21,  30}  or  laser  (31)  damaged  Si. 

Similar  spectra  for  SLEB  samples  at  three  peak  beam  power  densities 
is  shown  in  Fig.  3.2.  There  is  a  marked  reduction  in  signal  height  from  lowest 
to  highest  power  densities,  the  latter  (I  k  -  38.0  W/cm2)  producing  peak 
signals  a  factor  of  four  suller  than  the  smallest  peak  in  the  800°C  case.  The 
thermal  activation  energies  observed  in  SLEB  samples,  with  the  exception  of 
AE  m  0.34  eV,  do  not  correspond  with  those  noted  in  the  furnace  annealed 
material.  Activation  energies  within  +  0.02  eV  of  AE  -  0.17,  0.18,  0.34 

and  0.4  eV,  however,  have  been  previously  identified  in  implanted  (29), 
irradiated  (21,  30)  or  laser  (31)  damaged  Si.  The  level  AE  *  0.80  eV  has  not 
been  previously  reported. 

In  regions  where  the  defeot  concentrations  are  comparable  to  that  of 
fixed  charge,  the  fixed  charge  profile  includes  not  only  ionized  donors,  but 
defects  as  well  (32).  This  occurs  to  some  extent  in  the  profile  of  the  800°C 
material  shown  in  Fig.  3.3.  A  large  trap  concentration  appears  at  0.45  pm 
which  is  near  the  original  amorphous-crystalline  interface  (indicated  by  the 
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spectra  for  Schottky  barriers  fabricated  on  furnace  annealed  Material  [33] 
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spectra  for  seaples  fabricated  on  SLEB  aaaealed  Material  [33] 
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.3.  Fixed  charge  tad  defect  profile*  for  800°C  furnace  annealed 
material  [33]. 
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arrow)  tad  •  nlitiTily  mil  concentration  it  observed  la  the  uu  surface 
regioa.  Aa  apparent  gotteriag  affaot  ocoart  at  the  iatarfaoa  with  the  trap 
profila  peak  followiag  that  of  tha  fizad  eharga. 

Tha  profila  of  fixad  oharga  tad  dafaot  eoaeaatratioaa  for  tha  38 
W/cm2  SLEB  aaaaalad  material  it  thowa  ia  Fig.  3.4.  Ia  this  east*  tha  ratidaal 
dafaot  level  it  small,  that  firad  eharga  it  dafiaad  at  baiag  daa  entirely  to 
ioaixad  doaort.  Unlike  tha  800°C  oata,  vary  little  dopaat  redistribution  takas 
plaea  tad  only  a  tiagla  defeat  tigaal  appears,  also  at  tha  origiaal 
aaorphoas-crystalliae  iatarfaoa.  Aa  improvement  is  also  saaa  ia  tha  dafaot 
coaeeatratioa.  Peak  coaceatratioas  are  a  fsetor  of  tea  smaller  thaa  ia  tha 
800°C  fnraaca  ossa,  while  aaar  surface  defect  deasities  are  a  factor  of  five 
to  tea  smaller. 

3.2.  Pill  1m  Amaiit 

Tha  DLTS  signal  reflects  traps  ia  tha  n-side  of  the  p+-n  junction 
due  to  the  greater  extension  of  the  depletion  region  into  the  more  lightly 
doped  material.  Tha  thermally  annealed  samples  have  a  breakdown  voltage  of 
33  V  and  reverse  saturations  on  the  order  of  10  A.  Most  of  the  SLEB  samples 
have  signifioaatly  higher  breakdown  voltages  and  lower  reverse  leakage 
currants . 

Tha  DLTS  spectra  for  tha  p+-a  diode  fabricated  from  900°C.  30  minute 
thermally  annealed  n-GaAs  displays  four  distinct  peaks.  Energy  levels. 
AE*»  0.22,  0.41,  0.47  and  0.77  aV  below  the  conduction  band  edge  are  obtained 
from  Arrhenius  plots  (Fig.  3.5).  The  deepest  trap,  AE  ■  0.77  aV  is  also  the 
most  prominent  oaa.  Defects  with  activation  energies  within  +  0.04  aV  of  the 
first  three  traps,  El  through  E3  have  been  previously  observed  ia  implaated 
VPE  a-GsAs  (34),  although  the  dominant  peak  at  0.83  eV  is  7.7%  ia  energy  above 
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.4.  Donor  and  defact  profiles  for  38.0  W/cn2  SLEB  snneaded  material 
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Arrhenius  plots  for  slsetroa  traps  ia  p+-a  diodts  fabricated  oa 
900°C  furnace  aanealed  material. 


32 


tk*  doainut  level  identified  in  that  paper. 

Three  peaks  appear  in  aaaples  annealed  with  a  25  keV,  4.5  aA 
electron  bean,  hot  farther  analysis  revealed  a  fourth  near  L2.  Arrhenius  plots 
for  these  peaks  are  shown  in  Fig.  3.6.  Activation  energies  within  +  0.04  eV 
of  the  observed  levels  AE  »  0.24  and  0.38  eV  below  the  conduction  band  edge 
have  been  previously  identified  in  inplanted  VPE  n-GaAs  (34) ,  with  the 
dominant  peak  occuring  10.8%  in  energy  below  the  awst  prevalent  signal  seen  in 
that  earlier  study. 

The  fixed  charge  and  defect  profiles  for  900°C  and  SLEB  annealed 
saaples  are  shown  in  Fig.  3.7  and  Fig.  3.8,  respectively.  In  both  cases,  the 
electron  trap  profile  reveals  an  extreme  dip  in  concentration,  reaching  a 
niniaran  at  roughly  0.7  |ia  below  the  junction  for  the  900°C  device  and 
3.6  iim  tot  SLEB.  On  the  other  hand,  the  fixed  charge  profiles  differ 
considerably. 

It  has  been  observed  that  n-GaAs  with  carrier  concentrations  of 
5  xlO1^  cm~^  or  less,  which  undergoes  heat  treatment  2.  900°C  followed  by 
quenching,  will  become  less  n-type  or  be  converted  to  p-type  material  (35). 
The  thermal  conversion  results  from  the  transfer  of  Si  atoms  from  donor  sites 
to  acceptor  sites  through  a  trapping  process  curing  rapid  quenching.  This 
explains  the  shape  of  the  fixed  charge  profile  in  Fig.  3.8,  since  the  GaAs 
used  in  this  study  is  doped  with  8  x  10^  Si— cm  ^  and  is  quenched  curing  the 
SLEB  prooess.  By  contrsst,  the  900°C  sample  is  pulled  slowly  to  avoid 
quenohing,  thus  resulting  in  the  relatively  uniform  profile  given  in  Fig.  3.7. 

The  SLEB  defect  profile  is  expected  to  remain  at  the  concentration 
level  which  has  been  reduced  by  thermal  conversion  but  instead  increases 
rapidly  at  approximately  4.3  pm .  This  anomaly  can  be  interpreted  as  being 
due  to  the  limitations  of  the  Boonton  72B  (37).  The  capacitance  meter  operates 
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Fi*.  3.6. 


Arrhenius  plots  for  electron  traps  in  p+-n  diodes  fabricated  on 
SLEB  annealed  material.  LI  through  L4  represent  4  defect  levels. 


Concentration  (cm 


n-GaAs  (Nds8xl0  cm  ) 

Be*  100  keV,  I0'4cnrf2 
900°C,  30 min,  Si3N4 

Fixed  Charge  and  Defect  Profile 

•- — •  Fixed  Charge 
o—o  0.77  eV 


Depth  Below  Junction  (/iim) 


Fig.  3.7.  Fixed  charge  and  electron  trap  concentration  profiles  for  saaples 
annealed  at  900°C  for  30  oinntes. 
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Be*  100  keV,  IOwcm'a 
SLEBA,  4.5mA,  25keV 

Fixed  Charge  and  Defect  Profile 
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Depth  Below  Junction  (/ xm ) 


Fig.  3.8.  Fixed  charge  and  electros  trap  conceatratios  profiles  for  samples 
SLEB  asaealed  at  4.5  aA,  25  keV. 
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at  a  given  Q  point.  With  a  large  reverse  bias,  the  leakage  current  increases 
to  a  point  where  the  ns ter  Mistakes  it  for  reactive  current.  This  gives  the 
appearance  of  a  large  capaoitance  and  therefore  larger  trap  concentrations. 
Fig.  3.9  illustrates  the  effect  of  C-V  neasureaients  taken  with  the  Boonton72B 
on  concentration  using  nitrogen  free*  undoped  VPE  GaP.  The  identical  result 
oocurs  for  large  reverse  bias  as  in  this  paper,  though  this  phenomenon  takes 
place  at  a  higher  applied  voltage  because  of  the  sample  purity. 
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Trap  concentration  of  ondopsd  VPE  GaP  material  darivad  from  C-V 
analysis  [37]. 


4.  CONCLUSION 


We  conclude  from  th«  results  that  SLEB  annealing  of  Si  ia  more 
effective  thin  thermal  annealing  ia  radaeiag  residual  damage  aad  limitiag 
background  dopaad  redistribution,  bat  ia  GaAs  the  SLEB  quenching  affaot  poses 
a  eoatrol  problem  beeaaae  of  thermal  conversion.  Farther  work  is  necessary  to 
fiad  methods  of  elimiaitiog  this  quenching  pheaoaeaoa.  One  saggestioa  is  to 
preheat  the  mounting  plate  to  just  below  sample  melting  point,  passing  the 
electroa  beam  over  the  sample  aad  then  slowly  eooliag  the  plate.  Heating  sad 
eooliag  times,  though,  must  be  carefully  monitored  siaee  prolonged  heatiag 
will  effectively  thermal  saaesl  the  samples  thereby  negating  the  advantages  of 
SLEB  annealing,  and  a  cooling  rate  of  approxismtely  150°C  per  minute  is 
required  to  eliminate  quenching. 
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